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Understanding how large eruptions and landslides are recorded by seaﬂoor morphology and deposits on 
volcanic island ﬂanks is important for reconstruction of volcanic island history and geohazard assessment. 
Spectacular ﬁelds of bedforms have been recognised recently on submerged ﬂanks of volcanic islands at 
multiple locations worldwide. These ﬁelds of bedforms can extend over 50 km, and individual bedforms 
can be 3 km in length and 150 m in height. The origin of these bedform ﬁelds, however, is poorly 
understood. Here, we show that bedforms result from eruption-fed supercritical density ﬂows (turbidity 
currents) in some locations, but most likely rotational landslides at other locations. General criteria 
are provided for distinguishing between submarine bedforms formed by eruptions and landslides, and 
emphasise a need for high resolution seismic datasets to prevent ambiguity. Bedforms associated with 
rotational landslides have a narrower source, with a distinct headscarp, they are more laterally conﬁned, 
and internal bedform structure does not suggest upslope migration of each bedform. Eruption-fed density 
currents produce wide ﬁelds of bedforms, which extend radially from the caldera. Internal layers imaged 
by detailed seismic data show that these bedforms migrated up-slope, indicating that the ﬂows that 
produced them were Froude supercritical. Due to the low density contrast between interstitial ﬂuid and 
sediment, the extent and dimensions of submarine eruption-fed bedforms is much greater than those 
produced by pyroclastic density currents on land.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Silicic caldera-forming eruptions and landslides on volcanic is-
lands represent some of the highest sediment ﬂux events on 
Earth. They can transport tens to hundreds of cubic kilometres 
of material (Pyle, 1995; Hunt et al., 2013), most likely over a 
few hours to days. Both caldera-forming eruptions and landslides 
are extremely hazardous for local populations, and can generate 
far-travelling tsunami that effect more widespread distal coast-
lines. Explosive eruptions produce large amounts of material that 
can be rapidly transferred from the vent to submarine slopes 
* Corresponding author.
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and basins via volcaniclastic density ﬂows (Cas and Wright, 1991;
Allen et al., 2012). The landslides that occur on volcanic ﬂanks 
can be unusually large, and involve both the subaerial and sub-
marine domains of the ediﬁce (White, 2000; Masson et al., 2006;
Watt et al., 2012). Further, they can also evacuate material to 
surrounding basins through density ﬂows (Le Friant et al., 2015;
Watt et al., 2015). It is therefore important to understand how 
eruptions and landslides are recorded on submerged volcanic is-
land ﬂanks, and to distinguish between caldera-forming density 
current deposits and large submarine landslides as they pose dis-
tinctly different types of hazards.
Worldwide, recent work has recognised extensive ﬁelds of bed-
forms on submerged volcanic island ﬂanks (Wright et al., 2006;
Silver et al., 2009; Gardner, 2010; Leat et al., 2010 and references 
https://doi.org/10.1016/j.epsl.2018.04.020
0012-821X/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Logarithmic plot of wavelength versus wave height for global submarine bedform examples. Black points indicate volcanic setting. Grey points indicate other settings. 
AI – Adventure Island; BI – Bristol Island; CC – Cilaos Canyons; CPF – Cilaos Proximal Fan; DC – Dakataua Caldera, New Britain; EJC – El Julan Channel; ESS – Etang-Salé 
Sector, La Reunion; HV – Haleakala Volcano; HR – Hawaiian Ridge; KS – Kahouanne Seamounts; KHB – Kimbe and Hixon Bay; LP – La Palma; McI – Macauley Island; MI – 
Montagu Island; SCE – South Candlemas Embayment; STV – Stromboli Volcano; SV – Sumisu Volcano; TI – Tolokiwa; WMR – West Mariana Ridge; ZN – Zavodovski. Adapted 
from Symons et al. (2016). See Symons et al. (2016) for full reference list. (For interpretation of the colours in the ﬁgure(s), the reader is referred to the web version of this 
article.)
therein) that are some of the largest amplitude bedforms yet doc-
umented on the seaﬂoor (Fig. 1; Symons et al., 2016). ‘Bedform’ 
is used here to denote undulations without any reference about 
their origin. These undulating areas of seaﬂoor can extend for over 
50 km, and individual bedforms have wavelengths up to 3 km, and 
wave heights of 10–150 m. However, the origin of these bedforms 
is uncertain. As shown by debate over the origin of such bedforms 
in non-volcanic settings, they can potentially result from both ro-
tational landslide blocks and remoulding of the seabed by density 
ﬂows (Lee et al., 2002).
The origin of these submarine bedforms is also particularly 
interesting because they are larger than any known bedforms 
on the subaerial ﬂanks of volcanoes. Identiﬁed submarine bed-
form ﬁelds are extensive and contain large amplitude bedforms. 
In contrast, subaerial volcanic ﬂank bedform ﬁelds are less exten-
sive and contain smaller-scale bedforms associated with terrestrial 
dilute pyroclastic density currents (e.g. Sigurdsson et al., 1987;
Branney and Kokelaar, 2002; Brown and Branney, 2004), or irregu-
lar hummocky terrain formed by debris avalanches and landslides 
(e.g. Crandell et al., 1984; Cas and Wright, 1991). We therefore 
seek to understand what the contrasting dimensions of submarine 
and subaerial bedform ﬁelds can tell us about important general 
differences between subaerial and submarine volcanic mass ﬂows 
(Moorhouse and White, 2016).
Eruption-fed submarine density ﬂows sourced from either sub-
aerial or submarine vents can be initiated by either collapse 
of eruption columns or disintegration of active lava domes (Cas 
and Wright, 1991; Kokelaar and Busby, 1992; Head and Wilson, 
2003). Sediment waves (cyclic steps, anti-dunes, etc.) and scours 
are thought to be the submarine slope expression of these ﬂows 
(Kostic and Parker, 2006; Spinewine et al., 2009; Cartigny et al., 
2011).
Failure of submarine volcanic shelves and slopes can result 
from earthquakes, ediﬁce uplift, magma intrusion and extrusion 
or the sudden accumulation of large volumes of pyroclasts dur-
ing volcanic eruptions (Watt et al., 2014). These failures com-
monly affect deep substrate and terminate proximally at steep 
headwall scars (Masson et al., 2006). Landslide deposits include 
rotated domains, huge individual blocks, and various types of den-
sity ﬂow deposits (Masson et al., 2006; Watt et al., 2015). Land-
slide deposits made up of rotated blocks can form an undulat-
ing seaﬂoor that shares some surﬁcial similarities to sediment 
waves emplaced by eruption-fed density ﬂows (Lee et al., 2002;
Leat et al., 2010). This can make it diﬃcult to distinguish land-
slide block and sediment ﬂow deposits, as previously noted for 
bedforms in non-volcanic sites (Lee et al., 2002).
Our lack of understanding of proximal submarine volcanic slope 
deposits is a consequence of the lack of attention that they 
have received. Basin records of volcanic deposits are relatively 
well understood from the rock record (Troﬁmovs et al., 2006;
Allen and McPhie, 2009; Jutzeler et al., 2014a) and ocean drilling 
(Nishimura et al., 1991; Le Friant et al., 2015; Busby et al., 2017). 
In contrast, scientiﬁc drilling has never been successful in prox-
imal environments (ODP135; IODP340), high-resolution geophys-
ical data is limited (Gardner, 2010; Leat et al., 2010; Casalbore 
et al., 2014a, 2014b), and extensive subaerial exposures of these 
deposits are rare and often incomplete (Cas and Wright, 1991;
Allen and McPhie, 2009).
1.1. Aims
Our overall aim is to understand the origin and wider signif-
icance of extensive ﬁelds of bedforms on volcanic island ﬂanks, 
whose occurrence has been recently recognised in locations world-
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Table 1
Geomorphic matrix providing general criteria for initial interpretations of whether bedforms are generated by eruption-fed density ﬂows or landslides based on swath 
bathymetry.
wide. We ﬁrst consider bedforms on the ﬂanks of Macauley and 
Raoul Islands in the Kermadec Arc, using particularly detailed seis-
mic surveys and bathymetric mapping data. We provide general 
criteria for distinguishing between deposits from eruption-fed den-
sity ﬂows and landslides (Table 1). We show how these general 
criteria can help to understand the origin of submarine bedforms 
at other volcanic islands, and emphasise the need for detailed seis-
mic surveys to reduce ambiguity. We conclude by discussing why 
similar extensive and well-developed bedforms are not formed 
subaerially, and what this may tell us about eruption-fed density 
ﬂows and landslides in general.
2. Geologic setting
Macauley and Raoul Islands are located in the intra-oceanic Ker-
madec Arc (Fig. 2), being the uppermost subaerial ediﬁces of two 
active, voluminous submarine stratovolcanoes (Wright et al., 2006;
Shane and Wright, 2011; Barker et al., 2013). Onshore Macauley 
Island, basal deposits comprise basaltic lavas and phreatomag-
matic deposits, overlain by the Sandy Bay Tephra Formation and 
younger basaltic lavas. The 5.7 ka Sandy Bay Tephra is exposed 
in cliffs 15–100 m high, and is the only conﬁdently known sili-
cic activity related to this volcano (Smith et al., 2003; Shane and 
Wright, 2011). It is made up of >30 ﬂow units from wet pyroclas-
tic density currents, most likely associated with a large magnitude 
submarine explosive eruption originated from the now-submarine 
caldera lying to the northwest of the island (Lloyd et al., 1996;
Wright et al., 2006). In contrast, the last 4 ka on Raoul Island 
are dominated by ∼15 km3 of deposits from multiple dry or 
phreatomagmatic silicic explosive eruptions linked to two summit 
calderas (Rotella et al., 2014).
3. Data and methods
Kongsberg EM300 30 kHz multibeam echo-sounder and multi-
channel seismic data were acquired around Macauley and Raoul 
Islands during May 2007 onboard RV Tangaroa (TAN0706) and 
comprises one of the most detailed datasets yet for bedform ﬁelds 
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Fig. 2. Map of the study area in the Kermadec Arc, showing extent of detailed bathy-
metric data acquired in 2007; islands are green areas. a) Map of Macauley Island 
with Macauley Caldera; inset shows the wider region. b) Map of Raoul Island with 
Denham and Raoul calderas.
on volcanic island ﬂanks. The multibeam data are gridded to a 
25 m cell size with a vertical resolution <1% of water depth. A to-
tal of 5 multichannel seismic lines were collected around the two 
islands using a GI airgun source and a 48 channel streamer. A seis-
mic velocity of 1600 m/s was used to convert two way travel time 
to depth on all seismic proﬁles.
Using the bathymetry data, analysis of each bedform ﬁeld was 
carried out by ﬁrst categorising the morphologies of the bedforms 
within each bedform ﬁeld. Bedforms were categorised as either 
convex, concave or linear in planform. Second, the wavelength and 
wave height of each bedform was catalogued. As part of this anal-
ysis, the upslope limb length and downslope limb length of each 
bedform was recorded; combined with the seismic data, this en-
abled bedform symmetry to be analysed. Third, the setting of each 
bedform ﬁeld was analysed, i.e. are the bedforms conﬁned by a 
deﬁnitive lateral margin or are they unconﬁned. Fourth, each bed-
form ﬁeld was analysed for any notable additional features such 
as an identiﬁable headscar. Analysis of the seismic data from the 
bedform ﬁelds was carried out using automatic picking routines in 
Kingdom Suite. This was followed by manual picking of the seis-
mic reﬂectors in order to ensure greater accuracy, and identify any 
artefacts present in the automated routines.
4. Results
4.1. Eruption-fed sediment waves – Macauley Volcano
Repetitive bedforms have developed over large parts of the 
southwest and northern ﬂanks of Macauley Volcano (Figs. 2
and 3). These semi-continuous undulations extend outwards for 
over 20 km, from a major break-in-slope formed by the external 
rim of the submarine caldera. In planform these bedforms have a 
repetitive convex morphology and have poorly deﬁned lateral mar-
gins. The wavelengths of bedforms on the caldera’s southern ﬂank 
decreases downslope from 1500 to 250 m, whilst their amplitude 
decreases from 140 to 10 m.
Seismic data from the southwest bedform ﬁeld shows multiple 
high amplitude reﬂectors making up a chaotic facies (Figs. 3b, c 
and 4). Separated from this facies by a stratigraphic unconformity, 
a series of thin, ordered lower amplitude reﬂectors are apparent. 
The lower amplitude reﬂectors make up the bedforms themselves 
(Figs. 3 and 4). An internal unconformity is also identiﬁable within 
the lower amplitude reﬂectors. The strength of the reﬂector that 
marks this unconformity is highly variable along the seismic line 
(Fig. 4). Our interpretation of this unconformity is marked by the 
green line in Figs. 3 and 4, and represents either a change in 
the seismic character of the reﬂectors (e.g. an abrupt change in 
orientation), a truncation of other reﬂectors, or a speciﬁc higher 
amplitude reﬂector (see Fig. 4). If this surface represents a signif-
icant unconformity, then there are >20 planar reﬂectors beneath 
this surface and >30 above.
The planar reﬂectors below the interpreted unconformity are 
truncated at high angles on their lee sides (Fig. 4). Each reﬂector 
is truncated by the proposed unconformity (Fig. 4f). The upslope 
limb length of the bedforms in this lower set of reﬂectors is on 
average 1.84 times the length of the downslope limb length. The 
greater upslope limb length of bedforms in the lower set of reﬂec-
tors deﬁnes this set of reﬂectors as asymmetric.
In comparison, the upper set of reﬂectors are more clearly de-
ﬁned and well-developed. These reﬂectors conform to the underly-
ing interpreted unconformity. The reﬂectors in the upper set have 
a dome-like apex, and their lee sides are thin but not truncated, in-
stead becoming unresolvable in the seismic data (see Fig. 4b–d). As 
a result, the upper set of reﬂectors that make up the bedforms are 
more symmetrical. The upslope limb is on average only 1.55 times 
the length of the downslope limb. In some bedforms, some con-
tinuous and well-layered reﬂectors can be traced from one ﬂank 
to the other, but it is diﬃcult to correlate reﬂectors between one 
bedform and the next.
Proximal to the caldera, where the wave amplitudes are great-
est, the regular reﬂectors cut into the chaotic reﬂector patterns 
which are thought to represent the underlying substrate. Ponded 
facies have also developed closest to the break-in-slope indicated 
by the chaotic reﬂector patterns on the seismic data (Fig. 4).
The total bulk volume of these bedforms around the whole 
island is at least ∼27.5 km3, with ∼17.5 km3 on the calderas 
southern ﬂank, and ∼10 km3 on the northern ﬂank. This volume 
estimate uses the basal scoped reﬂector, shown in orange on Fig. 3.
4.1.1. Emplacement mechanism
A number of possible mechanisms exist which could have re-
sulted in the emplacement of the observed bedforms. First, they 
could be emplaced by poorly conﬁned sediment density ﬂows re-
sulting from the radial collapse of an eruption column. In this 
instance, each bedform is a consequence of ﬂow interaction with 
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Fig. 3. Eruption-fed bedforms offshore Macauley Volcano. a) Bathymetry of the southwest ﬂank of the submarine Macauley Caldera showing seaﬂoor bedforms of different 
origins. b) Extract of multi-channel seismic line, whose location is donated by A–B in panel a. c) Interpretation of the seismic line shows an unconformable surface at the 
base of the sediment waves (orange line) and the lower and upper sets of sediment waves separated by an inferred surface (green line).
the sedimentary bed. The bedform architecture results from sedi-
ment deposition occurring mainly on the upcurrent ﬂank of each 
bedform, while erosion and lower rates of erosion dominate the 
downstream ﬂank. The bedforms migrate upslope and prograde 
upcurrent as a result of these ﬂows. Second, the observed bed-
forms could be a consequence of sediment density ﬂows unrelated 
to an eruption. Third, they could be the surface expression of a 
single (or multiple) submarine landslide(s), each bedform result-
ing from the downslope movement of material. In this case the 
internal architecture of the bedforms is a consequence of the de-
formation of material contained within each slide block during its 
downslope transition.
Of these possible emplacement mechanisms, we interpret the 
bedforms to the southwest of Macauley Volcano to have originated 
as a consequence of eruption-fed density derived from eruption 
column collapse; the bedforms originating as a consequence of in-
stabilities between a ﬂow and the sedimentary bed. We favour this 
interpretation for the following reasons.
1) The bedform crests are radially extensive and sub-parallel to 
the caldera rim which fan out in a regular pattern, as might be 
expected for voluminous, poorly-conﬁned sediment density ﬂows 
formed by radial collapse of an eruption column.
2) The bedforms do not originate from a distinct headscarp, nor 
are they strongly conﬁned by submarine valleys, as might be ex-
pected for a landslide.
3) Perhaps most importantly, our interpretation of the regular 
reﬂectors incised into the underlying substrate as troughs sug-
gests that these bedforms are not related to landslide activity. 
Were these bedforms related to landslides, translation of material 
would result in deformation within each slide block and thus may 
produce the internal reﬂector patterns observed (Hampton et al., 
1996). It would, however, be unlikely to periodically erode into the 
substrate below the failure surface.
4) No compressional zone is identiﬁable on the bathymetry or 
seismic data as might be expected from a landslide.
5) The bedform wavelength and amplitude is similar to that 
produced by ﬁne-grained and mainly supercritical turbidity cur-
rents in non-volcanic settings (see Fig. 1).
6) An origin for the bedforms being generated from sediment 
density ﬂows that are unrelated to eruptions is discounted. It is 
not obvious how such energetic ﬂows, which are needed to erode 
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Fig. 4. Detailed extract and interpretation of the multi-channel seismic line in Fig. 3. a) Un-interpreted extract of detailed seismic data from offshore Macauley Volcano. b), c) 
and d) raw seismic data of bedforms. Images show the base of each bedform is deﬁned by a high amplitude basal reﬂector. Above the basal reﬂector each bedform is made 
up of two sets of internal reﬂectors with contrasting seismic characteristics. e) Shows the interpreted internal unconformity in each bedform and the interpreted stratigraphic 
unconformity which separates the sediment waves from the underlying substrate. e) Trace of seismic reﬂectors visible within the bedforms.
several tens of meters into the subsurface, could have originated 
from a narrow submerged caldera rim (Fig. 3a). An eruption source 
is also more likely given the nearby caldera.
4.1.2. Sediment density ﬂow characteristics
Having interpreted sediment density ﬂows as responsible for 
the emplacement of the observed bedforms, the bedform mor-
phology and internal architecture will now be analysed to suggest 
bedform type and therefore the possible ﬂow dynamics which re-
sulted in their emplacement (see Fig. 5). The bedforms symmetry 
and internal architecture suggests that stoss-side deposition and 
lee-side erosion occurred during their formation. This suggests that 
the bedforms migrated upstream and thus we can exclude any 
bedform type which is downstream migrating. This leaves two 
candidates for the bedforms; anti-dunes and cyclic steps. In com-
parison to anti-dunes, cyclic steps are considered to generally be 
longer wavelength and more asymmetrical bedforms (Cartigny et 
al., 2011). They are characterised by depositional subcritical ﬂow 
over their stoss side and erosive supercritical ﬂow over their lee 
side. The systematic transition between the two ﬂow states is char-
18 E.L. Pope et al. / Earth and Planetary Science Letters 493 (2018) 12–24
Fig. 5. a) and b) Section-view cartoons showing the envisaged formation of bed-
forms beneath eruption-fed density ﬂows ﬂowing from right to left. a) Cartoon 
shows morphology and internal structures of suggested cyclic steps that imply up-
slope migration of the bedforms under high Froude numbers. b) Morphology and 
internal structures of shorter more symmetrical bedforms, which are more charac-
teristics of a series of anti-dunes.
acterised by a hydraulic jump (Kostic and Parker, 2006). Meanwhile 
anti-dune bedforms form in phase (i.e. the ﬂow elevation mim-
ics the bed elevation) with surface waves in a supercritical ﬂow 
(Cartigny et al., 2011).
In the lower part of the stratigraphy (see Fig. 4), the internal 
reﬂectors of the longer wavelength bedforms are strongly asym-
metric. In contrast, the internal reﬂectors in the upper part of the 
stratigraphy are shorter and more symmetrical. We therefore inter-
pret this geometry to be representative of cyclic step deposits over-
lain by a series of anti-dunes. Superposition of more symmetrical 
bedforms on top of longer cyclic steps as has been previously ob-
served in experiments (Cartigny et al., 2014) and modelling (Kostic, 
2014). This superposition often reﬂects a drop in Froude number 
through time (Cartigny et al., 2014; Zhong et al., 2015). However, 
in both cases the bedform emplacing ﬂow is dominated by super-
critical ﬂow conditions.
Distally, the boundary between the two sets of waves is not re-
solvable, and the wavelength and wave height decrease away from 
source (Fig. 2b). This may indicate that sediment concentration, 
grain size, and/or velocity decreased with distance, reducing the 
ﬂow’s ability to modify the seaﬂoor.
4.1.3. Attributing the sediment density ﬂow to an eruption
Seaﬂoor sampling reveals the uppermost sequence of the sed-
iment wave ﬁelds offshore Macauley Island is covered by pumice 
clasts from multiple eruptions (Barker et al., 2012, 2013). Inter-
estingly, Sandy Bay Tephra compositions were not identiﬁed, indi-
cating that at least part of the uppermost stacked planar bedded 
seismic reﬂectors (Fig. 2) were not related to the 5.7 ka erup-
tion. Current seismic data suggests a maximum burial depth of a 
few tens of meters below the seaﬂoor. However, coring and fur-
ther geochemical analyses will be required to resolve the exact 
post-climactic eruption sediment thickness and the timing of the 
eruption(s) that generated the conspicuous wave ﬁelds.
4.2. Submarine landslides – Raoul Island
The submarine ﬂanks of Raoul Island are characterised by large 
areas of wavy seaﬂoor morphology (Figs. 2 and 6). A series of 
bedforms occur to the west and south of the Island. Each bed-
form train contains at least 30 individual bedforms. These bed-
forms have concave or linear crests when analysed in planform 
(Fig. 6). Each bedform train originates at an arcuate headwall lo-
cated near to the shelf break, extends downslope for ∼10 km, 
and occur on relatively steep slopes (5◦). They are conﬁned to a 
zone that is 0.5–2 km wide and have sharp lateral boundaries. 
Individual bedforms are strongly asymmetrical (the upslope limb 
being 1.65 times longer than the downslope limb) with wave-
lengths of ∼650 m and heights up to 80 m in proximal areas. Dis-
tally, the bedforms become more symmetrical (the upslope limb is 
1.09 times longer than the downslope limb) and smaller in height 
(10 m).
The seismic data from the bedforms offshore Raoul Island 
(Fig. 6b, c) are more chaotic than those seen from the Macauley
Volcano bedforms (Figs. 3 and 4). This is partly a consequence 
of the Raoul seismic line not being perfectly perpendicular to the 
bedform crests, as was the case for Macauley. Although the noise 
within the Raoul seismic data makes it diﬃcult to deﬁne inter-
nal layering, these bedforms do not clearly exhibit the internal 
reﬂectors visible in the Macauley Volcano seismic data. Instead, 
a seismic transect from the western slope of Raoul Island shows 
a chaotic seismic unit which is bounded at its base by an inter-
preted scoop-shaped basal surface which truncates well-bedded, 
seaward-dipping planar stratigraphy beneath. The chaotic seismic 
unit is interpreted as probable back-rotated stratigraphy, dissected 
by inferred normal faults. A second basal scoop-shaped surface is 
also visible suggesting that the one chaotic unit is made of two 
separate units. The end of the shear surface cannot, however, be 
deﬁned. Some of the Raoul Island bedforms end in a toe-shaped 
area of positive bathymetric relief, which is ∼40 m higher than 
the surrounding seaﬂoor. The greater symmetry of bedforms in the 
distal parts of these bedform ﬁelds may also be a consequence of 
the compression of sediment in these locations as a consequence 
of landslide processes.
4.2.1. Emplacement mechanism
The geomorphology and seismic stratigraphy of these bed-
forms is consistent with that of previously described submarine 
landslides (Hampton et al., 1996; Shea et al., 2008; Watt et al., 
2014). It could be proposed that these bedforms were gener-
ated by eruption-fed density ﬂows, which were relatively thin and 
thus conﬁned within gullies. Equally, it has previously been pro-
posed that small mass-wasting events have led to the formation 
of crescent-shaped bedforms through the downslope evolution of 
these ﬂows, such as offshore volcanoes in the Aeolian Archipelago 
(Romagnoli et al., 2013; Casalbore et al., 2014a, 2014b). However, 
it is likely that eruption-fed density ﬂows would be less conﬁned 
than the presented examples and would lead to a gradual transi-
tion to overbank bedforms not seen here. Some of these bedforms 
might also originate via turbidity currents initiated at the shelf 
edge by non-eruptive processes (cf. Hughes Clarke, 2016), although 
the limited hydrologic system of Raoul Island prevents large-scale 
ﬂuvial input to the ocean. Nevertheless the abrupt initiation of 
the bedforms at a distinct head scarp favours a landslide origin, 
and the scale of these bedforms is larger than those formed by 
non-volcanic density ﬂows in similarly conﬁned settings, where 
bedforms typically have wavelengths of <200 m, and heights of 
<10 m (Symons et al., 2016).
We interpret these bedform trains as most likely the result of 
slope failure for the following reasons.
1) Bedforms trains originate abruptly from a distinct arcuate 
headwall, which is most consistent with landslides.
2) The bedform trains are laterally conﬁned in valleys, and ab-
sent on intervening interﬂuves.
3) There is some evidence in the seismic data for backward-
rotated blocks.
4) A toe-shaped area of positive bathymetric relief exists at 
the base of the slope which we interpret to represent the com-
pressional zone exhibited by other known submarine landslides 
E.L. Pope et al. / Earth and Planetary Science Letters 493 (2018) 12–24 19
Fig. 6. Landslide-related bedforms on the submarine southwestern ﬂank of Raoul Island. a) Bathymetry map showing bedforms related to slope failure (black polygons). 
b) Extract of multi-channel seismic line, whose location is shown by A′–B′ in part a). c) and d) detailed extract of individual bedforms. Figures show possible rotated 
blocks, displaced mass and a possible basal sliding surface. e) Detailed extract of line A′–B′ showing the internal architecture of the bedforms. Although poorly imaged, the 
downslope limbs of the bedforms are inferred to be associated with listric faults that are connected to a basal surface.
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(Hampton et al., 1996). The greater symmetry of bedforms in the 
distal parts of these bedform ﬁelds may also be a consequence of 
the compression of sediment in these locations as a consequence 
of landslide processes.
Together this evidence suggests that the identiﬁed bedforms 
are the result of slope failure. However, it must be acknowledged 
that eruption-fed density ﬂows cannot be ruled out as the forma-
tive process and therefore further higher resolution seismic data is 
needed to be certain (Table 1).
5. Discussion
5.1. A global comparison of volcanic island bedforms
Although spectacular, the bedform ﬁelds observed on the ﬂanks 
of Macauley Volcano and Raoul Island are not unique. Bedform 
ﬁelds have been observed on the submarine ﬂanks of volcanic 
islands worldwide in other subduction zone, collision zone and 
hot spot settings (see supplementary Table 1). These sites include 
Stromboli (Kidd et al., 1998), Canary Islands (Wynn et al., 2000), 
the Bismark Volcanic Arc (Hoffmann et al., 2008; Silver et al., 
2009), the West Mariana Arc (Gardner, 2010), South Sandwich Is-
lands (Leat et al., 2010), Reunion Island (Sisavath et al., 2011) and 
the Madeira Archipelago (Quartau et al., 2018). Nonetheless it has 
often been diﬃcult to unambiguously infer the origin of these bed-
forms (Quartau et al., 2018). The following section will therefore 
compare the bedform ﬁelds observed offshore Macauley Volcano 
and Raoul Island with other identiﬁed bedform ﬁelds and outline 
a set of general criteria for determining bedform origin.
5.1.1. Are Macauley Volcano and Raoul Island bedforms unique?
Macauley Volcano and Raoul Island bedforms reported in this 
study have wave heights ranging from 10 m to 140 m and wave-
lengths of 250 m to 2000 m. Globally, reported bedform wave 
heights have been reported ranging from 2.5 m to 340 m (see 
Fig. 1; Babonneau et al., 2013; Leat et al., 2013). Globally, wave-
lengths vary between 10 m and 3.5 km (Moore and Chadwick, 
1994; Ollier et al., 1998). Although larger than average (see Fig. 1), 
the wave heights and lengths reported in this study are therefore 
fairly typical of bedform sizes reported in other locations.
The planview morphology of the Macauley and Raoul bedforms 
varied from convex to concave with some classiﬁed as wavy (see 
Fig. 2 and Table 1). Their setting was also variable; some bed-
form ﬁelds were conﬁned between sidewalls (see Fig. 6) whilst 
others remained unconﬁned (Fig. 3). The conﬁned bedforms were 
often associated with a distinct upper headscarp. The morphology 
of these features is similar to those seen on other volcanic islands. 
The northern ﬂanks of La Palma exhibit a series of unconﬁned con-
vex, sinuous and bifurcating bedforms which are parallel to the 
regional slope (Wynn et al., 2000). They also exhibit internal ar-
chitectures similar to those described for the bedforms offshore 
Macauley Island (see Section 3). In contrast, the ﬂanks of Montagu 
and Bristol Islands are characterised by laterally conﬁned bedforms 
near to the shelf edge which are associated with arcuate headwalls 
(Leat et al., 2010, 2013). These bedforms are similar to those inter-
preted as landslide sourced offshore Raoul Island (see Section 3). 
The bedforms reported in this study are therefore fairly typical of 
bedforms seen on other volcanic islands and are thought to be 
the result of similar processes. Observations/interpretations from 
Macauley and Raoul should therefore be able to inform the inter-
pretation of other volcanic island bedforms.
One speciﬁc type of submarine bedform ﬁeld type observed 
elsewhere is, however, absent from Macauley Volcano and Raoul 
Island. On a number of large volcanic islands (e.g. Reunion, 
Madeira etc.) bedforms associated with the mouths of ﬂuvial sys-
tems have been identiﬁed (Babonneau et al., 2013; Lebas et al., 
2011; Quartau et al., 2018). A consequence of sediment grav-
ity ﬂows related to ﬂuvial discharge and deposition of sediment 
rather than volcanic activity, the wave height and wavelength of 
these bedforms is limited compared to their volcanically sourced 
counterparts. They are also found in association with deep-sea fan 
systems (Sisavath et al., 2011).
5.1.2. General criteria for determining bedform origin
The presented bathymetry and seismic data in this study sug-
gests that widespread bedforms that fan out radially from a caldera 
suggest eruption-fed density ﬂows (i.e. Type 1 bedforms in Ta-
ble 1), whereas a distinct upper headscarp conversely favours a 
landslide origin. The strongest evidence for eruption-fed density 
ﬂows comes from seismic data that can resolve internal layer-
ing within bedforms (Fig. 4b). Where such layering indicates up-
slope migration, it indicates formation through supercritical den-
sity ﬂows. Rotation of planar-bedded blocks within a landslide can 
also form up-slope dipping reﬂectors, thus continuous internal re-
ﬂectors are needed to preclude a landslide origin (Lee et al., 2002). 
Detailed seismic data is thus critical for determining the origin of 
bedforms with conﬁdence, as was also found for studies of bed-
forms in non-volcanic settings (Lee et al., 2002). Although diﬃcult 
to obtain due to the coarseness of volcanic sediment (Jutzeler et 
al., 2014b), sediment cores may increase conﬁdence in how bed-
forms originate, especially if dating shows the bedforms are coeval 
with a known subaerial eruption.
5.1.3. Applying the criteria to bedforms from other volcanic islands
From our observations of bedforms offshore Macauley Volcano 
and Raoul Island, we therefore propose general criteria for under-
standing the origin of such bedforms (Fig. 7 and Table 1). To assess 
the applicability of these criteria, we now consider bedforms off-
shore from the South Sandwich Islands and New Britain.
Originally reported by Hoffmann et al. (2008, 2011), the ﬂanks 
of Dakataua Caldera and Kimbe Bay in the New Britain Arc 
(Figs. 8a and 8b) are characterised by bedforms similar to those 
described on Macauley Volcano. Here, wavelengths range from 500 
to 3700 m, and heights from 10 to 100 m. The bedforms are mostly 
asymmetrical (steeper and shorter lee sides) and decrease in wave-
length downslope. Chirp sub-bottom data through the Kimbe Bay 
waveﬁeld suggests thicker sediment packages on the upslope limb 
of waves and upslope migrating sediment packages (Hoffmann et 
al., 2008), therefore similar to those identiﬁed as Type 1 (eruption-
fed in Table 1).
The ﬂanks of the Candlemas Islands and Zavodovski Island 
(South Sandwich Arc) are characterised by bedforms originating 
at arcuate headwalls, and are laterally conﬁned on the upper 
slope (Figs. 8c and 8d). These bedforms have lengths from 830 to 
2500 m, and heights from <10 to 150 m (Leat et al., 2010). The 
bedforms observed offshore the Candlemas Islands and nearby Ad-
venture Volcano (Leat et al., 2013) are similar to those identiﬁed 
as landslide-generated offshore Raoul Island and can therefore be 
categorised as Type 2 (due to landslides) in Table 1. The origin of 
bedforms offshore Zavodovski Island is harder to ascertain. Bed-
forms to the east of Zavodovski originate from headwalls and are 
conﬁned within gullies suggesting a landslide origin (Type 2 in Ta-
ble 1). However, the bedform shape changes with distance offshore 
from concave to convex in some locations. Moreover, shallow seis-
mic data also shows a veneer of downslope prograding sediments 
containing internal reﬂectors, suggesting downslope movement of 
sediment by density ﬂows (Leat et al., 2010). Overbank sediment 
deposits have also been identiﬁed (Leat et al., 2010). The observed 
bedforms could therefore be interpreted as a consequence of initial 
mass-wasting (landslide) events followed by eruption-fed density 
ﬂows thus exhibiting both Type 1 and Type 2 features (Table 1).
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Fig. 7. Summary of observations enabling the identiﬁcation of bedforms resulting from eruption-fed density ﬂows (type 1) and landslides (type 2), as outlined in Table 1. 
a) Eruption-fed bedforms on the south-western ﬂank of Macauley Volcano (Fig. 2). b) Landslide-generated bedforms on the western ﬂank of Raoul Island (Fig. 3). The seaﬂoor 
in a) and b) is a 3D representation of the hill-shaded bathymetry.
These examples demonstrate that it is possible to use the gen-
eral criteria set out in Table 1 as a means to make initial assess-
ment of the processes resulting in different volcanic island ﬂank 
morphologies. However, the complexity shown offshore Zavodovski 
Island indicates that caution is required in terms of prescribing 
speciﬁc formation processes in these locations without suitably de-
tailed seismic data in addition to high resolution bathymetric data.
5.2. Comparison between submarine and subaerial volcanic bedforms
There are strong differences in morphology of volcanic bed-
forms between subaerial and submarine domains. These morpho-
logical discrepancies between subaerial and submarine deposits re-
ﬂect the different hydrodynamic properties of these ﬂows, subject 
to the density of the interstitial ﬂuid (gas against water). Another 
inﬂuencing factor may be the slope morphology, coarseness and 
composition of the substrate.
5.2.1. Bedforms from eruption-fed density ﬂows
Pyroclastic density currents produced by subaerial volcanism 
create deposits that range from massive, to non to poorly-stratiﬁed 
deposits (Sparks, 1976), and to deposits recording more dilute con-
ditions, forming sets of dunes and anti-dunes (Sigurdsson et al., 
1987; Brown and Branney, 2004). However, subaerial-deposited 
bedforms do not match the size and extent of the submarine 
bedforms presented in this study. Dilute pyroclastic density cur-
rent deposits have bedform heights of <5–10 m and wavelengths 
reaching several hundred meters (Brown and Branney, 2004). In 
contrast, the submarine bedforms described here have heights of 
10–150 m, and wavelengths can be up to 1700 m and are there-
fore at least one order of magnitude greater. Dunes formed by 
dilute pyroclastic density currents can extend across areas up to 
∼150 km2 (Sigurdsson et al., 1987), but can be much more lo-
calised (Brown and Branney, 2004), and much less extensive than 
the studied submarine bedforms (>400 km2).
Large-magnitude silicic eruptions (i.e. Plinian in the subaerial 
realm) produce high-ﬂux, sustained pyroclastic density currents 
that can last hours to days (Wolfe and Hoblitt, 1996; Maeno and 
Imamura, 2011). Under such conditions, voluminous sediment in-
put in the ocean may be continuous for long periods of time, 
favouring instalment of prolonged sedimentation conditions on the 
seaﬂoor. This eruptive behaviour is in strong contrast with instan-
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Fig. 8. Multibeam bathymetric maps from offshore New Britain (50 m grid resolution) in the Paciﬁc Ocean (Hoffmann et al., 2008, 2011) and the South Sandwich Islands 
(100 m grid resolution) in the South Atlantic Ocean (Leat et al., 2010). a) Dakataua Caldera and b) Kimbe Bay are offshore New Britain. c) Candlemas Islands and d) 
Zavodovski Island are in the South Sandwich Arc. Bedforms offshore Dakataua Caldera and Kimbe Bay are mostly asymmetrical and decrease in wavelength and wave height 
downslope. These bedforms are therefore consistent with eruption-fed density ﬂows. Bedforms offshore the Candlemas Islands and Zavodovski are mainly associated with 
arcuate headwalls at the shelf edge, are conﬁned within gullies within the upper slope, and wavelength and waveheight decreases with distance offshore. These characteristics 
suggest a landslide origin (Table 1). Bedforms east of Zavodovski may also have been the result of later eruption-fed density ﬂows (see text for details). In all cases, detailed 
seismic data are needed for unambiguous identiﬁcation of bedforms that are produced by landslides and eruption-fed density ﬂows (cf. Lee et al., 2002).
taneous, essentially mass-wasting events such as collapse of an 
active lava dome or sector collapse (Voight et al., 2002; Troﬁmovs 
et al., 2006, 2008), which are associated with gravitational insta-
bilities or vulcanian explosions. Moreover, volumes of transported 
sediment through lava dome collapses are commonly less volumi-
nous. It is therefore diﬃcult to use literature examples of such col-
lapses to infer hydrodynamic properties in sustained volcaniclastic 
density ﬂows. Offshore Montserrat, the density ﬂow deposits de-
rived from dome and sector collapses lack bedforms, which we 
interpret as resulting from rapid accumulation of sediment from 
short-lived, non-sustained events (Troﬁmovs et al., 2006, 2008).
Here, we propose that eruption-fed density ﬂows produce 
larger and more extensive bedforms in submarine slope settings 
for the following reasons. First, submarine density ﬂows have 
smaller density contrasts between their interstitial ﬂuid (seawa-
ter) and the transported sediment than for subaerial pyroclastic 
density currents (air and magmatic gases). This low density con-
trast in submarine density ﬂows favours supercritical ﬂows (Kostic 
and Parker, 2006; Cartigny et al., 2014). Moreover, this implies that 
submarine density ﬂows are slower than their subaerial equiva-
lent, and respond more slowly to changes in slope, such as on 
the stoss and lee slopes of bedforms (Gray et al., 2006). Such hy-
drodynamic characteristics lead to formation of larger and more 
extensive bedforms on underwater slopes (Gray et al., 2006). The 
small density contrast between particles and seawater also in-
duces slower settling rates of grains (Cashman and Fiske, 1991;
Jutzeler et al., 2015), which favours suspension and longer runouts, 
and hence more extensive bedform ﬁelds.
Second, bedform development is strongly affected by the con-
centration of particles within the lowermost part of the ﬂow. For 
example, pyroclastic block-and-ash ﬂows (formed by collapse of an 
active lava dome) often contain a dense granular layer at their 
base, which is typically conﬁned within topography; it is over-
lain by dilute pyroclastic density currents (surges) that can travel 
much further (Calder et al., 1999). Sediment settles more rapidly 
in air than in water, and this favours the generation of dense near-
bed ﬂows on land (Breard et al., 2016) rather than underwater 
(Sohn, 1997). Bedforms produced by such stratiﬁed ﬂows are sig-
niﬁcantly shorter (Cartigny et al., 2014; Postma and Cartigny, 2014;
Symons et al., 2016). Future modelling is necessary to test how 
these various factors may combine to favour bedform generation 
in submarine settings.
5.2.2. Bedforms associated with volcanic landslides
Sector collapse of a volcano triggers debris avalanches, which 
can form hummocks and Toreva blocks in their deposits (e.g. 
Crandell et al., 1984), but their morphology differ from results 
of this study. The Type 2 bedforms (Table 1) that we ascribe 
as most likely originating from landslides (Figs. 6 and 7) differ 
markedly from the hummocky terrain typically associated with 
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subaerial debris avalanches. Submarine landslide hummocks are 
chaotic and tend to lack elongate crests; they are not so regu-
larly distributed as the submarine bedforms described here (Watt 
et al., 2015). Debris avalanches can produce rotated Toreva blocks 
with linear crests (e.g. Clavero et al., 2002); however, the regu-
lar spacing and linear crests of the Type 2 submarine bedforms 
more closely resembles the morphology of non-volcanic subma-
rine landslides, such as the Eureka Slump offshore Alaska or 
the Storegga Slide offshore Norway (e.g. Hampton et al., 1996;
Micallef et al., 2008). Submarine linear crests are created in re-
sponse to normal faulting by extension along a seaﬂoor-parallel 
detachment surface, which produces rows of tilted fault blocks 
(e.g. Micallef et al., 2008). It records situations in which the failed 
material does not disintegrate fully, and where marine sediment 
provides extensive weak layers for regional detachment. The sub-
marine landslide morphology discussed also differs from many 
previously described submarine landslide, such as deeper-seated 
and larger failures offshore from the Canary Islands (Masson et al., 
2006) in which the landslide material has more fully disintegrated.
6. Conclusions
Here, we present two detailed marine geophysical datasets 
from Macauley and Raoul Islands in the Kermadec Arc, which 
include detailed seismic sub-seaﬂoor proﬁles through bedforms. 
Some bedform ﬁelds result from eruption-fed submarine density 
ﬂows. These eruption-fed bedforms are radially extensive around 
a caldera structure, and seismic proﬁles show that bedforms mi-
grated up-slope. However, other types of bedform represent ro-
tated blocks in submarine landslides. We therefore propose a series 
of generally applicable criteria for distinguishing bedforms formed 
by eruption-fed density ﬂows and landslides (Table 1). As in non-
volcanic settings, it may be necessary to collect and analyse de-
tailed seismic data to avoid ambiguity.
Submarine density ﬂows derived from sustained silicic explo-
sive eruptions produce larger and more extensive bedforms than 
pyroclastic density currents, their subaerial equivalent. This is 
mainly due to the lower density difference between the trans-
ported sediment and the interstitial ﬂuid. Relatively slow settling 
of sediment in water favours formation of bedforms, whereas fast 
settling of pyroclastic density currents in air favour formation of 
dense basal layers and ﬂow stratiﬁcation. Moreover, the reduced 
density difference causes a slower response of submarine ﬂows to 
changes in seaﬂoor gradients generating large and extensive bed-
forms. Bedform occurrence and geometry suggests that the dynam-
ics of submarine and subaerial mass ﬂows are markedly different.
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